ABSTRACT: Nutrient digestibility in distillers dried grains with solubles (DDGS) is limited by constraints such as particle size and fiber. Wheat DDGS contains more fiber than corn DDGS that may reduce its nutritional value in swine feeds. Dry fractionation may create DDGS fractions with low and high fiber content; therefore, wheat DDGS was processed sequentially using a vibratory sifter and gravity table. Sufficient material was obtained from 3 wheat DDGS fractions that differed in particle size from fine to coarse (Fraction A [FA], Fraction C [FC], and Fraction D [FD]). Five cornstarch-based diets were mixed that contained either 40% wheat DDGS, 30% FA, 30% FC plus 10% soybean meal (SBM), 30% FD plus 15% SBM, or 35% SBM. A sixth, N-free diet served to subtract basal endogenous AA losses and as control for energy digestibility calculations. Six ileal-cannulated barrows (29 kg BW) were fed 6 diets at 2.8 times maintenance for DE in six 9-d periods as a 6 × 6 Latin square. Feces and ileal digesta were collected sequentially for 2 d each. Wheat DDGS FA, FC, and FD were 258, 530, and 723 μm in mean particle size and contained 44.8, 39.3, and 33.8% CP and 29.1, 35.1, and 37.5% in NDF, respectively. The apparent total tract digestibility (ATTD) of GE was greater (P < 0.05) for SBM than wheat DDGS, was greater (P < 0.05) for FA than wheat DDGS, and did not differ between FC, FD, and wheat DDGS. The standardized ileal digestibility (SID) did not differ between SBM and wheat DDGS (P > 0.05) for most AA. The SID of Arg, Lys, Trp, and available Lys was greater (P < 0.05) for FD than wheat DDGS but was similar for FA, FC, and wheat DDGS and was greater (P < 0.05) for FD than SBM. The DE and NE value was greater (P < 0.05) for SBM, FA, and FC than wheat DDGS and did not differ between FD and wheat DDGS. The SID content of indispensable AA and available Lys was greater (P < 0.05) for SBM than wheat DDGS. The SID content of Ile, Leu, Met, Phe, and Val was greater (P < 0.05) for FA than wheat DDGS but did not differ for indispensable AA between FC and wheat DDGS. The SID content of His, Ile, Leu, Met, and Phe was lower (P < 0.05) for FD than wheat DDGS. In conclusion, dry fractionation creates DDGS fractions with a differing chemical composition. Fine particle fractions contain less fiber and more CP than coarse particle fractions, but their AA digestibility was lower, likely due to most of the solubles being fine particles that are more susceptible to AA damage than protein entrapped in particles of larger size.
INTRODUCTION
The U.S. and eastern Canadian ethanol industry ferments corn grain as feedstock, but wheat is used in western Canada and Europe. The main coproduct is distillers dried grains with solubles (DDGS), which has been widely used as dietary energy and supplemental protein source replacing primarily soybean meal (SBM) in swine diets (Stein and Shurson, 2009) . Wheat DDGS has traditionally been fed to ruminant species (Penner et al., 2009) , but information on feeding wheat DDGS to pigs is limited. Nutrient digestibility of wheat DDGS fed to growing pigs is lower than that of corn DDGS (Nyachoti et al., 2005; Widyaratne and Zijlstra, 2007; Cozannet et al., 2010a,b,c) . Wheat DDGS contains more fiber than corn DDGS that reduces digestibility of dietary energy and AA at the distal ileum (Shurson, 2002) . Opportunities to add value to wheat DDGS should therefore be explored.
Compared to the feedstock, dry fractionation creates fractions with either a greater or smaller particle size or greater or smaller density that affects their fiber content (Zijlstra et al., 2004) . Wheat DDGS fractions with small particles and less fiber may have greater energy value and AA content than wheat DDGS, changes that are desirable for pigs (Yáñez et al., 2011) . Sieving yielded fractions of corn DDGS that ranged in particle size from 234 to 869 μm, in CP from 24 to 39%, and in NDF from 35 to 22% (Srinivasan et al., 2005 (Srinivasan et al., , 2006 . Dry fractionation of wheat DDGS by particle size and density to reduce fiber and to increase CP content and AA digestibility has not been studied in pigs.
Our hypothesis was that dry fractionation of wheat DDGS creates fractions with lower particle size and fiber content and greater CP content or with greater particle size and fiber content and smaller CP content that have greater or lower nutrient digestibility than wheat DDGS, respectively. The objective was to determine energy and AA digestibility of fractions of wheat DDGS and to compare their digestibility to parent wheat DDGS and SBM.
MATERIALS AND METHODS

Pilot Scale Dry Fractionation
Wheat DDGS (Terra Grain Fuels, Belle Plaine, SK, Canada) was dry fractionated using continuousflow equipment (Fig. 1) at Agri-Food Discovery Place, University of Alberta (Edmonton, AB, Canada), in 4 batches.
Step 1 involved sieving wheat DDGS by particle size at a rate of 24 kg/h using a vibratory sifter (model ZS30 Vibro-Energy Round Separator; Sweco Inc., Florence, KY) equipped with 3 circular sieves (605, 419, and 259 μm), resulting in 3 fractions. As Step 2, the material that remained suspended over the 30M sieve in Step 1 was conveyed into a gravity separator (model LA-K; Westrup A/S, Slagelse, Denmark) and separated by density into 5 fractions at a rate of 23 kg/h with the table vibration set at 6.5 (0 to 10), air supply at 1 (0 to 10), shaft rpm at 7.5 (0 to 10), long side inclination at 2.0, and short side inclination at 2.5. These 2 processing steps produced 8 fractions that visibly varied in texture and color from a dark brown, fine material to a light yellow, coarse material. Due to their low yield, fractions of similar CP and ADF content were pooled for the digestibility study (Table 1) . Vibratory sifter fractions 1 and 2 were combined as Fraction A (FA). From the gravity table (GT), the GT1 and GT2 fractions were combined as Fraction B (FB), the GT3 fraction was renamed Fraction C (FC), and the GT4 and GT5 fractions were combined as Fraction D (FD). Yield of each step was measured by weight. Particle size was measured in the parent DDGS and final fractions in triplicate using 14 sieves (4. 00, 2.26, 1.70, 1.18, 0.85, 0.60, 0.43, 0.30, 0.21, 0.15, 0.11, 0.08, 0.05, and 0 .04 mm) mounted on a sieve shaker (W. S. Tyler, Mentor, OH) using method S319.3 (ASAE, 2001) .
Experimental Diets and Design
Three diets containing wheat DDGS FA, FC, and FD were tested with a diet containing the parent wheat DDGS as control, a diet containing SBM, and an N-free diet, for a total of 6 diets. The diets were fed to 6 pigs over 6 periods as a 6 × 6 Latin square with random diet allocation. Wheat DDGS FB was not included in the design, because its composition was similar to FA.
Wheat DDGS, wheat DDGS fractions, and SBM were the sole source of CP and AA in the diets (Table 2) . Due to the lower CP and AA content of FC and FD and limited amount of material available of these fractions, SBM was added to the diets containing these to achieve 16% CP. The wheat DDGS, FA, FC, FD, and SBM diets also contained cornstarch, sucrose, and canola oil in the same ratio as the N-free diet. Therefore, these 3 ingredients combined served as another energyproviding ingredient for these 5 diets so that energy digestibility of wheat DDGS, FA, FC, FD, and SBM can be calculated using the difference method, while Solka floc was considered to be nondigestible (Stein et al., 2006) . Diets were fortified to meet vitamin and mineral requirements (NRC, 1998) . Titanium dioxide and Cr 2 O 3 were included in the diets as the indigestible marker.
Experimental Procedures
The animal procedures were reviewed by the University of Alberta Animal Care and Use Committee for Livestock and followed guidelines established by the Canadian Council on Animal Care (Olfert et al., 1993) . The digestibility study was conducted at the Swine Research and Technology Centre, University of Alberta (Edmonton, AB, Canada). Six crossbred barrows (29.0 ± 1.14 kg initial BW; Duroc sire × Large White/Landrace F1; Genex Hybrid; Hypor, Regina, SK, Canada) were housed in raised individual metabolism pens that allowed freedom of movement (1.2 m wide, 1.2 m long, and 0.9 m high). Pens were equipped with a stainless-steel self-feeder attached to the front of the pen, a cup drinker next to the feeder, plastic walls, and slatted flooring in a temperature-controlled room (22 ± 2.5°C). During a 10-d adaptation to pens, barrows had free access to an 18% CP pregrower diet. Pigs were then surgically fitted with Step 1) and a gravity separator (model LA-K; Westrup A/S, Slagelse, Denmark;
Step 2). Fractions 1 to 3 were obtained from processing Step 1 and fractions 4 to 8 were obtained from Step 2; their yield and CP and fiber content are presented in Table 1 . The numbered fractions were combined to create the fractions tested in the digestibility trial. 30 M = 605 μm sieve; 40 M = 419 μm sieve; 60 M = 259 μm sieve. a simple T-cannula at the distal ileum, approximately 5 cm anterior to the ileocecal sphincter. Preparation of the cannulas, surgical procedures, and modifications were described previously (Sauer et al., 1983; de Lange et al., 1989) . Pre-and postoperative care was also described previously (Li et al., 1993) . After surgery, barrows recovered for 7 d with a gradual increase in feed allowance and were then switched to experimental diets. Daily feed allowance was 2.8 times the maintenance requirement for DE (2.8 × 110 kcal of DE/kg of BW 0.75 ; NRC, 1998), which was fed in 2 equal meals at 0800 and 1500 h. Each 9-d experimental period consisted of a 5-d acclimation to experimental diets followed by a 2-d collection of feces and a 2-d collection of ileal digesta. Pigs had free access to water throughout the study. Feces were collected continuously for 48 h (Stein et al., 2006; Yáñez et al., 2011) using plastic bags fitted around the anus (Van Kleef et al., 1994) . Digesta samples were collected for 2 d from 0800 to 2000 h using soft plastic tubes (20 cm length and 4 cm i.d.) containing 15 mL of 5% formic acid that were attached to the opened barrel of the cannula with a rubber band. Tubes were replaced as soon as filled or after 20 min (Li et al., 1993) . Collected feces and digesta were pooled for each pig within experimental period and frozen at -20°C. Before analyses, feces and digesta were thawed, homogenized, subsampled, and freeze-dried.
Chemical Analyses
Diets, test feedstuffs, and lyophilized digesta and feces were ground in a centrifugal mill (model ZM 200; Retsch Co., Newtown, PA) through a 1.0-mm screen. Test feedstuffs, diets, digesta, and feces were analyzed for moisture (method 930.15; AOAC, 2006) (Fenton and Fenton, 1979) , respectively.
Calculations
Final digestibility calculations were presented using TiO 2 data, because within-treatment variation was lower for TiO 2 than Cr 2 O 3 data while the mean digestibility values were similar (data not shown). The apparent ileal digestibility (AID; %) and apparent total tract digestibility (ATTD; %) of diet components was calculated using the following equation (Adeola, 2001 2 Melojel (National Starch and Chemical Co., Bridgewater, NJ).
3 Terra Grain Fuels, Belle Plaine, SK, Canada.
4 International Fiber Corp., North Tonawanda, NY. 
Standardized ileal digestibility (SID) for each AA was then calculated by correcting the AID for basal ileal endogenous losses by the equation (Stein et al., 2007) 
For FC and FD, the SID of feedstuffs was calculated by first calculating the SID of the diet and then calculating the SID of feedstuffs by difference from SBM. For SID of AA, the concept is that values for SID of AA for individual ingredients accumulate into diet SID of AA (Stein et al., 2007) . The SID content of CP and AA was calculated by multiplying SID in digesta by total CP and AA content of wheat DDGS and wheat DDGS fractions.
The DE value of the wheat DDGS and wheat DDGS fractions was calculated by subtracting DE in the N-free diet that was provided by the energy-contributing feedstuffs from the DE value of each of the DDGS containing diets using the difference method (Adeola, 2001) . The NE value of feedstuffs was predicted from the determined DE values (kcal/kg of DM) and analyzed macronutrient content (g/kg of DM) of feedstuffs using the following Eq.
[5] that was developed by Noblet et al. (1994) and adopted as Eq. 
Statistical Analyses
For dry fractionation, means and SD were calculated from 4 processing batches. The N-free diet was solely used for calculations and was excluded from statistical analyses. The remaining data from the digestibility study were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with pig as the experimental unit. The model included diet as a fixed effect and pig and period as random effects. Treatment means were reported as least squares means that were separated using the LSD method with LSMEANS and PDIFF statements in case treatment effects were significant. Individual pig was considered the experimental unit. Differences were considered significant if P < 0.05.
RESULTS
Pigs remained healthy and consumed their daily feed allowance throughout the experiment. The CP content of wheat DDGS was lower than that of SBM. Among wheat DDGS fractions, CP content was greatest for fine particle FA and lowest for coarse particle FD (11 %-units difference), with similar patterns for indispensable and dispensable AA content (Table 3 ). The GE value of wheat DDGS fractions was similar to the parent DDGS but 350 kcal/kg greater than that of SBM, reflecting their 3.5% points greater ether extract content. Crude fiber and ADF of wheat DDGS were double and NDF was fivefold that of SBM. Among wheat DDGS fractions, fiber was greatest for coarse-particle FD and lowest for fineparticle FA. The P and Ca content were similar among wheat DDGS and its fractions. Mean particle size was 300 μm greater for SBM than wheat DDGS, was half for FA than wheat DDGS, similar for FC and wheat DDGS, and 220 μm greater for FD than wheat DDGS. The analyzed nutrient composition of the 6 diets indicated proper diet mixing (Table 4) . Mean particle size of diets reflected particle size of the test feedstuffs.
The ATTD of GE was 9% points greater (P < 0.05; Table 5 ) for the SBM diet than the wheat DDGS diet and 6 and 4% points greater (P < 0.05) for the FA and FC diets, respectively, than the wheat DDGS and FD diets, which did not differ. Diet DE value was 230 kcal/ kg greater (P < 0.05) for the SBM than wheat DDGS diet. Diet DE value was greater (P < 0.05) for the FA than the wheat DDGS and FC diets and did not differ for wheat DDGS and FD diets. Diet DE value did not differ between FA and SBM diets. The ATTD of GE was 17% points greater (P < 0.05) for SBM than the wheat DDGS, was greater (P < 0.05) for FA and FC than wheat DDGS, and did not differ between FD and wheat DDGS.
The AID of GE did not differ (P > 0.05; Table 6 ) between SBM and wheat DDGS diets, was 7.5% points greater (P < 0.05) for the FA than wheat DDGS diet, and did not differ among FC, FD, and wheat DDGS diets. The AID of CP did not differ among diets. The AID did not differ (P > 0.05) for most indispensable AA, except Lys, Phe, Trp, and available Lys. The AID of Lys and available Lys was greater (P < 0.05) for the SBM than the FA and wheat DDGS diets. The AID of Lys and available Lys was greater (P < 0.05) for the FC and FD diets than the wheat DDGS diets. The AID of Lys, Phe, Trp, and available Lys did not differ for the FA and wheat DDGS diets.
The SID of CP did not differ among test feedstuffs (P > 0.05; Table 7 ). The SID did not differ between SBM and wheat DDGS (P > 0.05) for most of indispensable AA except for Phe, which was greater (P < 0.05) for wheat DDGS than SBM. The SID of Arg, Lys, Trp, and available Lys was greater (P < 0.05) for FD than wheat DDGS but was similar for FA, FC, and wheat DDGS. The SID of Arg, Lys, Phe, Thr, Trp, and available Lys was greater (P < 0.05) for FD than SBM.
The DE and NE value was greater (P < 0.05; Table 8 ) for SBM, FA, and FC than wheat DDGS and did not differ between FD and wheat DDGS. The SID content of CP was 6% points greater (P < 0.05) for SBM than wheat DDGS, was 6% points greater (P < 0.05) for FA than wheat DDGS, and did not differ (P > 0.05) among FC, FD, and wheat DDGS. The SID content of indispensable AA and available Lys was greater (P < 0.05) for SBM than wheat DDGS. The SID content of Ile, Leu, Met, Phe, and Val was greater (P < 0.05) for FA than wheat DDGS. The SID content of indispensable AA did not differ between FC and wheat DDGS. The SID content of His, Ile, Leu, Met, and Phe was lower (P < 0.05) for FD than wheat DDGS.
DISCUSSION
For the first time, we report that dry fractionation of wheat DDGS produces fractions with a wide range of particle size and chemical composition with potential relevance to practical pig feeding. Fractions with a small particle size had greater DE and NE value and contained more CP than wheat DDGS, but particle size and SID of AA were inversely related.
Wheat Distillers Dried Grains with Solubles Quality
Quality of coproducts such as wheat DDGS differs among batches (Zijlstra and Beltranena, 2009; Cozannet et al., 2010a,b,c) and may impact success of fractionation. For SBM in the present study, the DE and NE value was similar to reported (NRC, 2012), whereas its SID for AA was lower than the mean values published (NRC, 2012) but within the reported range due to variation in quality. The wheat DDGS in the present study contained less CP (38%) than the 41 to 43% (as-fed basis) reported previously (Widyaratne and Zijlstra, 2007; Avelar et al., 2010) in North America. Indeed, Terra Grain Fuels sourced AC Andrew, a highstarch, low-protein soft white spring wheat (Sadasivaiah et al., 2004) . The ATTD of GE of wheat DDGS was similar to the 68% measured previously in Canada (Widyaratne and Zijlstra, 2008) and within the range of 56 to 76% measured in France (Cozannet et al., 2010c) , whereas its DE content was 0.08 Mcal/kg DM lower (Widyaratne and Zijlstra, 2008) . Wheat DDGS in the present study fitted within the 1.6 to 2.5 Lys as percentage of CP content reported previously (Nyachoti et al., 2005; Widyaratne and Zijlstra, 2007; Avelar et al., 2010) and only 80% of Lys in DDGS being chemically available. The quality ranged even wider, from 0.8 to 3.0 Lys as percentage of CP content, in France (Cozannet et al., 2010b) . The AID of 45.9% and SID of 46.5% for Lys previously measured for wheat DDGS (Widyaratne and Zijlstra, 2008) was lower than the 63% AID and 71% SID of Lys for wheat DDGS in the present study, indicating fewer Maillard reactions between Lys and reducing sugars during drying (Parsons et al., 1992) . The wheat DDGS for the present study thus fitted within the quality range measured in previous studies.
Such differences were expected for 2 main reasons: processing conditions differ among ethanol plants and nutrient composition of feedstock differs among batches (Lan et al., 2008) . Increased fiber may reduce the nutritional value of wheat DDGS as feedstuff for swine. High dietary fiber content reduces feed intake and nutrient utilization in pigs (Noblet and Le-Goff, 2001 ); therefore, wheat DDGS fractions with a reduced fiber content were expected to have a greater digestibility of energy than wheat DDGS. a-c Within a row, means without a common superscript differ (P < 0.05).
1 FA, FC, and FD = Fractions A, C, and D of wheat DDGS.
2 Least-squares means based on 6 pig observations per diet. a-c Within a row, means without a common superscript differ (P < 0.05).
Dry Fractionation of Distillers Dried Grains with Solubles
The increased DDGS availability due to the expansion of the North American fuel ethanol production requires the exploration of new markets for DDGS (Rosentrater, 2008) . One approach is to differentiate DDGS by reducing fiber components (Srinivasan et al., 2005 (Srinivasan et al., , 2009 ) with a combination of sieving (Wu and Stringfellow, 1986) and air classification or elutriation (Singh et al., 2002) . Dry fractionation generates fractions with lower fiber and higher protein and fat content that might be more suitable for feeding chickens and pigs (Srinivasan et al., 2005 (Srinivasan et al., , 2008 than high-fiber fractions that could be targeted for the feeding of ruminants.
Among DDGS samples, a wide range of particle size exists. For example, mean particle size ranged from 660 to 950 μm or 50% among commercial samples of corn DDGS (Liu, 2008) . In the present study, the mean particle size of wheat DDGS sample was 501 μm, which is similar to the 517 μm we measured for DDGS cofermented from wheat and corn (Yáñez et al., 2011) .
In the present study, particles were separated using dry fractionation into fine and coarse fractions with a mean particle size ranging from 258 to 723 μm, respectively, a range also reflected in the complete diets. The smaller particles had an increased surface area so that digestive enzymes could better interact with their substrates (Goodband et al., 2002) and thereby increased nutrient digestibility. Separation by particle size and density of DDGS, however, also provided opportunities to create fractions ranging in chemical composition.
Previously, dry fractionation of corn DDGS containing 31.2% CP and 31.2% NDF using sieving and air classification created fractions ranging from fine (234 μm mean particle size, 39.3% CP, and 22.4% NDF) to coarse (869 μm mean particle size, 24.2% CP, and 34.7% NDF) and, thus, a wide range in quality (Srinivasan et al., 2005) . In the present study, the finest fraction also had the highest CP and lowest NDF, whereas the coarsest fraction had the lowest CP and highest NDF content. The difference in CP content during dry fractionation was caused by fine particles containing more CP than coarse particles (Liu, 2008) . In contrast, among coarse particles containing more fiber, fiber was concentrated further in particles that moved more easily through the gravity table. Wheat DDGS particles can thus be separated by particle size and density using dry fractionation, and CP and fiber content were inversely related among fractions.
Digestibility of Energy
Dietary energy digestibility is an important quality characteristic of feedstuffs. Total tract digestibility of GE in DDGS is influenced by chemical constraints such as fiber and phytate and physical constraints such as particle size (Yáñez et al., 2011) . Dry fractionation reduced mean particle size for the fine fraction that may increase nutrient digestibility in pigs, especially energy in sorghum (Healy et al., 1994) , corn (Wondra et al., 1995) , wheat (Mavromichalis et al., 2000) , and DDGS co-fermented from corn and wheat (Yáñez et al., 2011) . Although other DDGS fractionation research has been conducted (Srinivasan et al., 2005; Liu, 2008) , few reports associate particle size reduction of DDGS with nutrient digestibility, such as for sorghum DDGS (Healy et al., 1994) and co-fermented wheat-corn DDGS (Yáñez et al., 2011) . Nutrient digestibility of wheat DDGS fractions produced from dry fractionation was reported in only 1 study with rainbow trout (Randall and Drew, 2010) . Specifically, in rainbow trout fed wheat DDGS fractions from sieving, the fine fraction had a greater energy digestibility than the coarse fraction due to the lower fiber content in fine-than coarse-particle fractions (Randall and Drew, 2010) . Similarly in the present study, the ATTD of GE and DE and NE value was greater in a-d Within a row, means without a common superscript differ (P < 0.05).
2 Least-squares means based on 6 pig observations per diet.
the finest-particle wheat DDGS fraction containing less fiber than coarse-particle fractions containing more fiber. This association indicates that particle size reduction and fiber reduction are the main factors to increase energy digestibility of wheat DDGS and these 2 factors are not independent of each other as evident in the present study.
Digestibility of Amino Acids
In the coarse fraction with a higher fiber content, the AID and SID of several AA was greater than in wheat DDGS, especially Lys and available Lys. These findings may at first not appear to be in agreement with previous research that indicated that a high fiber content reduces digestibility of AA (Mosenthin et al., 1994; Lenis et al., 1996) . The total AA content was higher in fine fractions; however, their AID and SID of AA was lower. Considering that the bioavailability of AA such as Lys was likely not modified due to dry fractionation, the main reason for the lower digestibility of AA could be that a higher content of solubles separated into the fine fraction. During drying of DDGS, heat stimulates the formation of Maillard reactions and thereby renders the Lys unavailable for protein synthesis (Fontaine et al., 2007) . Solubles likely constituted a large portion of the finest-particle fraction that had the lowest Lys as percentage of CP and chemically defined Lys availability.
In conclusion, the results of the present study indicate that dry fractionation creates DDGS fractions with a differing chemical composition. Fine particle fractions contained less fiber and more CP than coarse particle fractions, but their AA digestibility was lower, likely due to most of the solubles being fine particles that are more susceptible to AA damage than protein entrapped in particles of larger size. Compared to the coarsest particle fraction, the finest particle fraction contained more AA that had a lower SID, combined resulting in a greater SID AA content for Thr, Met, and Trp and equal SID AA content for Lys likely due to heat damage of Lys. Dry fractionation of DDGS using a vibratory sifter and gravity separator likely has a lower environmental footprint than wet fractionation and a lower cost and higher throughput than elutriation. Dry fractionation could therefore be implemented as a tail-end process at ethanol plants to separate DDGS into fractions for different stages of swine production or for targeted feeding of monogastric and ruminant species (Zhang et al., 2012) .
